We report on ALMA band 4 observations of glycolaldehyde (CH 2 OHCHO v=0, 1, 2) and ethylene glycol (aGg ′ (CH 2 OH) 2 and gGg ′ (CH 2 OH) 2 ) toward the solar-type protostar IRAS 16293-2422, which harbours a twin binary system (source A and B). Vibrationally excited glycolaldehyde is unambiguously identified in source B for the first time, constituting the first detection in interstellar space. Rotational transitions of gGg ′ (CH 2 OH) 2 are also firstly detected in source A. Multiple transitions spanning a wide energy range allow us to derive accurate physical parameters. Vibrationally excited glycolaldehyde transitions have a higher gas temperature and abundance than their rotational transitions. A larger number of spectral lines is found towards source B, which also has higher temperatures but lower abundances compared to source A. The results indicate different physical and chemical conditions for the two twin sources.
Introduction
The class 0 protostellar binary IRAS 16293-2422 (hereafter I16293) contains two hot corinos, namely A and B with a separation of 480 ∼ 620 AU (André, Ward-Thompson & Barsony 1993; Chandler et al. 2005; Caux et al. 2011) , embedded in an envelope with a gas mass of ∼2 M⊙ (Crimier et al. 2010) . Multiple outflows have been observed in source A with high spatial resolution ALMA and VLA observations , whereas outflow, infall and a possible disk have been observed in source B . The hot corinos are characterized by compact source sizes ∼ 100 AU and hot gas temperatures ∼100 K (Schöier et al. 2004 ). Many line surveys have been carried out towards I16293 by using single dish telescopes and interferometers (Cazaux et al. 2003; Bisschop et al. 2008; Caux et al. 2011; Jørgensen et al. 2016; Lykke et al. 2017; Martín-Doménech et al. 2017) , revealing a rich chemistry in complex organic molecules (COMs) such as CH 3 OCHO, CH 2 OHCHO, CH 3 COOH, CH 3 COCH 3 , and CH 3 NCO.
Out of the detected COMs, glycolaldehyde (CH 2 OHCHO) is particularly important, since is an essential constituent of ribonucleic acid (RNA) (Coutens et al. 2015) which is related to life. Glycolaldehyde was first detected and identified at 220 GHz and 690 GHz in I16293 by Jørgensen et al. (2012) . However, most of the transitions were blended with other molecular transitions. Later on, ALMA observations at 350 GHz (Jørgensen et al. 2016 ) revealed a large number of transitions of CH 2 OHCHO in I16293, mainly towards source B. In this work, we report the detection and identification of glycolaldehyde at the 2 mm waveband toward both sources A and B , together with vibrationally excited lines and its chemically related molecule ethylene glycol (aGg ′ (CH 2 OH) 2 and gGg ′ (CH 2 OH) 2 ). The observations are described in Sect. 2, and in Sect. 3 and 4 present the results and data analysis. Main conclusions are summarized in Sect. 5.
OBSERVATIONS
We used calibrated data from the ALMA science verification (SV) program toward IRAS 16293-2422 at band 4. The observations were carried out with 23 × 12 m antennas in July 14th, 2014. The phase-tracking center is at R.A.(J2000) = 16h32m22s.73 and decl.(J2000) = −24
• 28 ′ 32 ′′ .50. The observations consist of four spectral windows with 3840 channels each. Hybrid spectral resolutions are set in the observations. Window 1 (157.301 to 159.155 GHz) and window 3 (145.122 to 146.976 GHz ) Continuum-subtraction was done in the uv domain. Figure 1 shows the continuum map constructed from the line-free channels extracted in spectral window 3. Two compact sources A and B are detected. Source B is brighter than source A, consistent with the results at 350 GHz (Jørgensen et al. 2016) . A two dimensional Gaussian fitting to the continuum results in the peak positions and intensities, deconvolved source sizes, and flux density listed in Table 1 . (1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120 Under the assumptions that an average grain radius is 0.1 µm, grain density is 3 g cm −3 and the gas-to-dust radio is 100, the H 2 column density can be calculated following Lis, Carlstrom & Keene (1991) :
where κ and h are the Boltzmann constant and Planck constant, respectively, T is the dust temperature, Q(ν) is the grain emissivity at frequency ν, S ν is the total integrated flux of the continuum, and Ω is the solid angle subtended by the source. We assumed that the dust temperature in sources A and B equal to the averaged rotation temperatures of 160 and 180 K derived from molecular lines discussed in Sec. 3.1. We adopt Q(ν) = 1.0 × 10 −5 at 2 mm (Lis, Carlstrom & Keene 1991; Qin et al. 2010 for source A and source B are obtained, consistent with the results by Jørgensen et al. (2016) .
RESULTS

Line identification and LTE calculation
Full band spectra are extracted at the continuum peak positions of sources A and B, as shown in Figure 2 and Figure A1 of Appendix. At a first glance, lots of spectral features are seen in both sources A and B. There are more lines in source B than in source A, while line widths in source A are broader than in source B. The eXtended CASA Line Analysis Software Suite (XCLASS) (Möller, Endres & Schilke 2017) package is employed for identifying line transitions. XCLASS accesses to database Cologne Database for Molecular Spectroscopy (CDMS; Müller et al. (2001 Müller et al. ( , 2005 ; http://cdms.de) and Jet Propulsion Laboratory (Pickett et al. 1998 ) (JPL; http://spec.jpl.nasa.gov). Under assumption of local thermodynamical equilibrium (LTE), XCLASS takes the beam dilution, line opacity, and line blending into account, and solves the radiative transfer function to generate a synthetic spectrum that can be directly compared to the observational data. The necessary input parameters are the source size, line width of full width at half-maximum (∆V), velocity offset with respect to systemic velocity (V off ), background temperature, column density (N tot ) and rotation temperature (T rot ). We have generated synthetic spectra for CH 2 Figure 2 and Figure  A1 . The typical broad line features seen in source A results in most of the identified lines being blended with other molecular transitions. On the contrary, narrower line features in source B allow for a clear detection of vibrationally excited glycolaldehyde in this source. Gaussian fitting is made to unblended transitions and the fitting parameters (V LS R , ∆V, I p ) are also given in Ethylene glycol is the reduced alcohol of glycolaldehyde, and is chemically related to glycolaldehyde (Brouillet et al. 2015; Lykke et al. 2015; Jørgensen et al. 2016 To obtain reasonable excitation temperatures and column densities of each species, we have run Modeling and Analysis Generic Interface for eXternal numerical codes (MAGIX) (Möller et al. 2013 ) software coupled to the XCLASS package to optimize the solution. 2 and CH 2 OHCHO in source A (∼ 160 K) is lower than that in source B (∼ 180 K). Fractional abundances relative to H 2 are also calculated and listed in Table 2 . The fractional abundances in source A are larger than in source B. Figure 3 shows a sample of images of different transitions of aGg ′ (CH 2 OH) 2 and CH 2 OHCHO v=0, 1, 2. As seen in this Figure, aGg ′ (CH 2 OH) 2 and CH 2 OHCHO v=0 distribute over both source A and B and have a similar morphology, suggesting that both species can be chemically related, while CH 2 OHCHO v=1, 2 transitions are only detected in source B, pointing to different physical conditions in both sources. The two-dimension Gaussian fitting was made to the line images to obtain the source size and position angle of unblended molecular transitions. Figure 4 presents a relation of source size and position angle of unblended molecular transitions. From left panel of Figure 4 , one can see that source size increases as position angle decreases, suggesting that molecular transitions in source A have different excitation condition and may have sub-structure. Previous higher spatial resolution observations have resolved source A into A1 and A2 components . As stated before, source B has more lines than in source A, and vibrationally excited CH 2 OHCHO is only observed in source B. Molecular transitions in source B have similar source size of ∼ 0.9 ′′ and position angle of ∼ 107
Spatial distribution
• .41, which indicate that the (CH 2 OH) 2 and CH 2 OHCHO transitions distribute over same region and trace same physical environments. Figure 5 shows representative spectra extracted towards source A and B. The transitions of aGg ′ (CH 2 OH) 2 , gGg ′ (CH 2 OH) 2 and CH 2 OHCHO have similar line profiles and similar LSR velocities. The mean line width and systemic velocity for source A are ∼ 9 and ∼ 4 km s −1 respectively, which are larger than the ∼ 3 km s −1 obtained for source B. Different line width and systemic velocity between the two sources have also been previously reported (e.g., Bottinelli et al. (2004) ; Schöier et al. (2005) ; Caux et al. (2011) ), suggesting that the two sources have different kinematics and physical conditions. The similar line profiles for the ethylene glycol and glycolaldehyde transitions suggest a common physical origin and chemical relation. 
Line kinematics
DISCUSSION
Detection of vibrationally excited glycolaldehyde
We have, for the first time, detected the vibrationally excited states v=1 and v=2 of glycolaldehyde in interstellar space. Of the 20 CH 2 OHCHO v=1 lines with upper energy level from 299 to 546 K, 16 are clearly unblended. Sixteen unblended CH 2 OHCHO v=2 transitions spanning energy range of 392-1046 K are also detected. For the species with a large number of transitions spanning a wide energy range, the expected line intensities will be related to the upper level energies of the transitions. From Figure 2 and Figure A1 in Appendix, one can see that all detected CH 2 OHCHO v=1, 2 transitions have peak intensities larger than 3 σ, and lower energy transitions have higher peak intensity. CH 2 OHCHO v=2 transitions have higher upper level energy than its v=1 lines. Higher gas temperature and column density is derived for CH 2 OHCHO v=2 transition. As shown in Table A1 in Appendix, the vibrationally excited CH 2 OHCHO transitions have similar line width and systemic velocity. Therefore we conclude that the identification of CH 2 OHCHO v=1, 2 transitions in this work is reliable.
Previous studies of ground state of CH 2 OHCHO mainly focus on source B observed by ALMA (Jørgensen et al. 2012 (Jørgensen et al. , 2016 . Large line width in source A makes it difficult to identify weak line emission. The XCLASS takes line blending into account, and provides us an opportunity to identify CH 2 Detection and undetection of some molecular transitions and species in source A and B indicate the twin components have different excited conditions and chemical environments. We discuss the molecular excitation and chemistry in the following. 
Excitation
The relationship of line width and upper-level energy of the five molecules is presented in Figure 6 . For source A (see left panel of Figure 6 ), the line width does not change as the increase of the upper-level energy (E u ) with an average value of 7.6 ± 1.99 km s −1 . Similar situation is also seen toward source B (right panel of Figure 6 ) with an average value of 2.5 ± 0.9 km s −1 . Caux et al. (2011) has reached same conclusion by IRAM 30 m observations of organic molecules. Two outflows have been identified in source A, and infall motion has been observed in source B with high spatial resolution ALMA and VLA observations (Pineda et al. 2012; Loinard et al. 2013; Zapata et al. 2013) . The observed behavior of line width versus E u may indicate that line width is not dominated by thermal broading, but by kinematical effects Caux et al. (2011) . Figure 7 shows the relationship between source size and upper level energy. For source A (left panel of Figure 7 ), the source sizes derived from aGg ′ (CH 2 OH) 2 , gGg ′ (CH 2 OH) 2 and CH 2 OHCHO decrease as increasing of upper level energy, which may be caused by temperature gradient or multiple sub-components in source A. Previous higher angular observations have resolved source A into A1 and A2 components . Vibrationally excited CH 2 OHCHO v=0, 1, 2 are detected in source B. Right panel of Figure 7 shows that source sizes of CH 2 OHCHO v=0, 1, 2 and (CH 2 OH) 2 do not vary with E u in source B with vibrationally excited CH 2 OHCHO having smaller source size than rotational transitions. Probably the CH 2 OHCHO and (CH 2 OH) 2 molecules in source B originate from a compact hot corino with simple source structure.
We have estimated rotation temperatures and column densities by use of XCLASS based on multiple molecular transitions. Source A has average gas temperature of ∼ 160 K while higher gas temperature of ∼ 180 K is derived toward source B from ground state transitions of (CH 2 OH) 2 and CH 2 OHCHO. CH 2 OHCHO v=1, 2 lines are excited by higher gas temperatures of 200 K and 240 K respectively. Generally molecules have higher column densities in source B than in source A. The results suggest that the two sources have different physical and chemical conditions. Also much more lines are observed in source B (see Figure 2 and Figure A1 ), indicating that source B is chemically active. Higher gas temperature but narrow line width in source B indicate that the line width is not dominated by thermal broading.
As shown in Table 1 , higher column density and gas temperature are derived toward vibra-tionally excited CH 2 OHCHO v=1, 2 transitions. Together with smaller source size of highly excited lines, we deduced that molecular transitions are excited by inner heating. Observations of glycolaldehyde transitions toward young stellar objects in Perseus De Simone et al. (2017) suggested that the glycolaldehyde is abundant in brighter and more evolved sources. Source B has higher gas temperature than source A. It may indicate that source B has larger luminosity and more evolved than source A (Calcutt et al. 2018 ) .
Chemistry
We have derived molecular abundances relative to H 2 (see Table 2 ). Higher glycolaldehyde abundance of a few times 10 −10 in I16293 can not be explained by gas phase chemical reactions (Halfen et al. 2006) . Probably grain surface chemical reactions (Öberg et al. 2009; Garrod 2013; Woods et al. 2012 Woods et al. , 2013 are responsible for production of CH 2 OHCHO in I16293.Öberg et al. (2009) and Garrod (2013) proposed that CH 2 OHCHO may form on icy mantles, in which UVinduced at the CH 3 OH-rich ice can produce radical CH 3 , CHO and CH 2 OH, and then CH 2 OHCHO and (CH 2 OH) 2 can be effectively produced by collision of CHO and CH 2 OH. Similar gas distribution, source size, gas temperature between CH 2 OHCHO and (CH 2 OH) 2 in I16292 in our work suggested that CH 2 OHCHO and (CH 2 OH) 2 are chemically related, supporting that the two molecules are synthesized on grain surface (Öberg et al. 2009; Garrod 2013 ).
In solar-type protostar NGC 1333 IRAS2A (Coutens et al. 2015) , the abundance radio of (CH 2 OH) 2 /CH 2 OHCHO is 5:1. While (CH 2 OH) 2 /CH 2 OHCHO ratio of 1:1 in I16293 is obtained in our work which is consistent with that by Jørgensen et al. (2016) . This difference between low-mass protostars might be related to different CH 3 OH:CO radio in the grain mantles. Öberg et al. (2009) suggested that (CH 2 OH) 2 /CH 2 OHCHO abundance radio is related to initial conditions of CH 3 OH:CO ratio and temperature in ice mixture. Gas-phase abundance of CH 3 OH in NGC 1333 IRAS2A is found to be 4 × 10 −7 in NGC 1333 IRAS2A (Jørgensen, Schöier & van Dishoeck 2005) which is higher than 1 × 10 −7 in I16293 , while the two sources have similar CO abundance of (2-3) × 10 −5 Schöier et al. 2002) .
CONCLUSIONS
We present ALMA band 4 observations of CH 2 
